These two pathways are partially redundant, since the also to transmit rapid photophobic signals. Furtherrhythmic locomotor activity of adult flies lacking either more, as clock gene mutations also affect photophofunctional CRY or a functional visual system can still be bicity, the pacemaker neurons modulate the sensitivity entrained by light, whereas the locomotor activity of of larvae to light, generating a circadian rhythm in flies lacking both CRY and photoreceptors cannot be visual sensitivity. clock, but also relay this information to produce a rapid further per and tim expression. Repression is maintained photophobic response. We found that larvae in which until PER and TIM are degraded, allowing CLK and CYC the pacemaker neurons were either ablated or electrito resume transcription of per and tim. Multiple postcally silenced were as defective in light avoidance as translational events help to separate the phases of tranlarvae lacking all photoreceptor cells. This indicates that pacemaker neurons in Drosophila larvae are an essential part of a neuronal circuit that leads to a rapid behavioral
, 1995). stant darkness (DD) (Reppert and Weaver, 2002). The
It is well established that pacemaker neurons receive molecular clock in Drosophila consists of two transcripsignals from the visual system to entrain the molecular tion/translation negative feedback loops tied together clock (Stanewsky, 2003) . However, in contrast to most by the transcription factors CLOCK (CLK) and CYCLE other neurons, there is not yet evidence that they can (CYC) (reviewed by Allada [2003] and Stanewsky [2003] ). rapidly transmit and modulate sensory signals. We used In one Drosophila clock loop, CLK and CYC directly the simple visual and circadian system in Drosophila activate transcription of two other essential clock genes, larvae to test whether the LNs can rapidly transmit visual period (per) and timeless (tim). PER and TIM proteins information. Here we show that pacemaker neurons not heterodimerize in the cytoplasm and enter the nucleus only receive light information for entrainment of their where PER inhibits CLK/CYC activity, which represses clock, but also relay this information to produce a rapid further per and tim expression. Repression is maintained photophobic response. We found that larvae in which until PER and TIM are degraded, allowing CLK and CYC the pacemaker neurons were either ablated or electrito resume transcription of per and tim. Multiple postcally silenced were as defective in light avoidance as translational events help to separate the phases of tranlarvae lacking all photoreceptor cells. This indicates that pacemaker neurons in Drosophila larvae are an essential part of a neuronal circuit that leads to a rapid behavioral response. In addition, the pacemaker neurons regulate the degree of this light-avoidance response in a circadian manner, acting as a circadian filter for visual information.
Results
The (Figures 1D and 1E) . A 1 hr light pulse applied to wild-type larvae starting 1 hr before the end of the night led to TIM degradation ( Figure 1F ). In contrast, the same treatment applied to larvae lacking BO (via a GMR-hid transgene that drives expression of the proapoptotic gene head involution defective [hid] in all photoreceptors) did not cause detectable TIM degradation ( Figure 1G ). Although dendritic branching of the LNs is altered when BO is eliminated via GMR-hid, no such Pdf 01 mutant larvae showed no significant differences driver whose expression is restricted to the four LNs in from wild-type larvae in the larval light avoidance assay each lobe and to six nonclock neurons in the ventral ( Figure 2B ). Pdf 01 mutants, like wild-type larvae, disganglion (Renn et al., 1999) . We found that while individplayed circadian modulation of photophobic behavior ual Pdf-Gal4 and UAS-DTI strains behaved indistin-(see below and Supplemental Figure S2 [http://www. guishably from wild-type, larvae carrying both conneuron.org/cgi/content/full/45/2/293/DC1/]). Therefore structs lacked LNs and were as blind as larvae lacking we conclude that PDF is not required for photophobic BO (Figure 2A) 1A, 1H , and 1I), we con-1999; Tosini and Fukuhara, 2002). However, BO is a sensory system without a molecular clock, as demonclude that the state of the molecular clock in the LNs modulates the rapid behavioral responses to signals strated by the absence of staining with antibodies to PER, TIM, and PDP1 clock proteins and by the lack of from BO. expression of Gal4 driver constructs for per, tim, and cry ( Figures 1A, 1H, and 1I and data not shown) . ThereCircadian Modulation of Photophobic Behavior fore we hypothesized that the LNs provide circadian
The ability of all four of the clock mutants tested to modulation of the BO visual signal via their own molecuaffect visual sensitivity led to the prediction that the lar clock and do not simply function as relay neurons. sensitivity of wild-type larvae to light follows a circadian rhythm. To test this prediction, larvae were entrained in LD cycles for 2-3 days, shifted into DD, and tested for Mutations in Clock Genes Alter their ability to avoid light at 3 hr intervals on the second the Photophobic Response day of DD. In this experiment, 150 lux were used to As described above, the molecular clock is a transcripmaximize differences between genotypes. Wild-type lartional/translational feedback loop (Stanewsky, 2003) .
vae were minimally sensitive to light toward the end Mutations in the genes encoding the positive (Clk/cyc) of the subjective day and maximally sensitive toward and negative (per/tim) arms of the clock clamp the clock subjective dawn ( Figure 4A ). In contrast, there was no at two distinct molecular states: CLK/CYC activity is detectable rhythm in per 0 or cyc 0 mutant larvae, with derepressed in per and tim null mutants, leading to conper 0 larvae constitutively insensitive and cyc 0 larvae stitutively high levels of per and tim transcription; in constitutively sensitive to light at all time points meacontrast, the RNAs of per, tim, and other similarly regusured ( Figure 4A ). When entrained y w larvae were tested lated genes are at constant low levels in Clk and cyc muat CT0 and CT12 across a range of light intensities, tants. these larvae were more photophobic at CT0 than at To test the hypothesis that the LNs modulate the out-CT12 at both 150 and 350 lux ( Figure 4B ). However, the put of BO, we compared the performance of wild-type differences in photophobicity were minimal when larvae larvae with that of per 0 , tim 01 , Clk Jrk , and cyc 0 mutant were tested with either 70 or 600 lux ( Figure 4B ). These larvae in the light avoidance assay, using three different results confirm the conclusion that the molecular clock light intensities (Figures 3A-3C ). For uniformity, all larvae in the LNs determines the extent to which larvae were entrained to LD cycles and assayed in the middle avoid light. of the day (ZT6, see below). per and tim null mutants were insensitive to light under these experimental conditions, even at the highest light intensity used (750 lux, Figure 3A ). The ability of wild-type larvae to distinguish between light and dark diminished as the light intensity Larvae in DD exhibit circadian modulation of their visual sensitivity, with a peak at the end of the subjective night was decreased, such that by 150 lux, wild-type larvae could no longer differentiate between the light and dark and a trough at the end of the subjective day. This difference is increased in LD cycles, with larvae even sides of the plate (Figures 3A-3C ). However Clk Jrk and cyc 0 mutant larvae remained highly sensitive to light, less sensitive during the day (compare Figures 3C and  4D) . One explanation for this difference is desensitizaeven at 150 lux ( Figure 3C ). Thus, mutations in the positive clock components (Clk and cyc) increase light sensition of BO after exposure to a strong light stimulus, in addition to the circadian modulation of visual sensitivity tivity of larvae, while mutations in the negative components ( per and tim) render larvae insensitive to light.
Control of Light Sensitivity in Biological Conditions
by the LNs. To test for an effect of desensitization on photophobic These results also support the conclusion that PDF is not required for light avoidance, since PDF is absent behavior, we compared the photophobic behavior of tim 01 null mutants, which lack a functional clock, in LD from larval LNs in the highly light-sensitive Clk vealed that although tim 01 larvae were essentially blind during the light part of an LD cycle, they recovered some (Figures 3A-3C) . Furthermore, the blindness of per 0 mutants at 750 lux was rescued by a per transgene, whose photophobic behavior during the dark portion of LD when tested with 750 lux. The same level of photophobic expression is limited to the LNs (7.2:2, Frisch et al., 1994), and the blindness of tim 01 mutants was also rescued by behavior was maintained during the first day in DD. Low sensitivity in light and rapid recovery in the dark, without a genomic tim rescue construct, tim7B (Ousley et al., 1998) ( Figure 3D) . Therefore, the defects in photophoany modulation after adaptation, is characteristic of visual desensitization. bicity observed in Figures 3A-3C are due to the clock The difference between tim 01 larval photophobic bethis response via their internal molecular clock. This is in addition to the well-characterized role of LNs in havior in light and dark means that photophobicity scores at equivalent times in LD and DD cannot be regulating behavior over 24 hr, and the LNs appear to use different neurotransmitters for the two behaviors directly compared. It also means that only experiments performed in DD analyze the circadian regulation of light they control. The LNs act as a circadian gate for BO sensory neurons by directly transmitting and controlling avoidance in the absence of the confounding issue of desensitization. The results in Figure 4 reveal that larval the strength of the sensory signal rather than by regulating the general physiology of the organism. visual sensitivity exhibits a bona fide circadian rhythm in Drosophila larvae.
The intensity and the composition of the light that How Could Circadian Pacemaker Neurons Control a Rapid Behavior? larvae experience under natural conditions change continuously from dawn to dusk so that larvae are never
We favor a cell-autonomous mechanism involving circadian changes in the membrane excitability of the LNs. exposed to only one light intensity or color for any significant length of time. The combination of regulated phoSuch rhythmic changes in membrane potential would allow the LNs to respond differentially to light. We protophobic behavior (circadian plus desensitization) and the characteristics of the light at that time of day (intenpose that the membrane is hyperpolarized during the day and in per and tim null mutants. Thus, the BO input sity and color) will generate a "wild-type" photophobic response.
at dusk needs to be much stronger to trigger an action potential in the LNs than at the end of the night (and in Clk and cyc mutants), when the neurons are more Discussion depolarized. Consequently, a single intensity of light stimulus applied to larvae at different times of day or to We have shown that circadian pacemaker neurons in Drosophila larvae directly mediate a rapid behavioral larvae carrying mutations in different clock genes leads to varying abilities to avoid light, depending on the state response on the order of minutes and that they modulate LD) were shifted to DD and tested for photophobicity using 150 lux on the second day in the dark. y w larvae showed a circadian modulation of photophobicity, with a peak response toward the end of the night and lowest responses toward the end of the day. y w larvae were always more photophobic than per 0 larvae, but less photophobic than cyc 0 larvae, except at ZT0 and ZT21, when they were as sensitive as cyc 0 . Each point is the average of six replica plates, with error bars showing SD. The effect of genotype was significant (p Ͻ 10 Ϫ8 ; two-way ANOVA). The effect of time of day was significant only for y w (p Ͻ 10 Ϫ7 ; one-way ANOVA). (B) Analysis of photophobic behavior at the peak (CT0) and trough (CT12) with different light intensities. At very low intensity (70 lux), larvae at CT0 and CT12 perform equally poorly. However, at higher light intensities (150 and 350 lux), larvae at CT0 perform better than larvae at CT12 (*p Ͻ 0.05, CT0 versus CT12; 2 test). By 600 lux, there was no significant difference between the photophobicity scores of larvae from CT0 and CT12.
of the molecular clock in the LNs (see Figure 5 ). An For example, the expression of some genes involved in phototransduction, such as trpL, is under circadian oscillation in the membrane potential of neurons containing a molecular clock may be a general mechanism regulation in Drosophila ( 
